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Surveillance of influenza A viruses (IAVs) among migratory waterfowl is a first step in understanding
the ecology, biology, and pathogenicity of IAVs. As part of the nationwide surveillance effort for IAVs
in fowl in South Korea, we collected environmental fecal samples in different migratory bird stopover
sites in South Korea during the winter seasons within November 2014 through January 2018. We
collected a total of 6758 fecal samples, 75 of which were positive for IAV (1.11% positivity). Prevalence
of IAVs varied per site and per year. Based on sequencing, the most prevalent hemagglutinin (HA)
subtypes were H1, H6, and H5, and the most prevalent neuraminidase (NA) subtypes were N1, N3,
and N2. Phylogenetic analyses showed that the genes we isolated clustered with reported isolates
collected from other locations along the East Asian-Australasian Flyway. All the H5 and H7 isolates
collected in this study were of low pathogenicity. None of the N1 and N2 genes carried amino acid
markers of resistance against NA inhibitors. The winter 2016-2017 subset were primarily borne by
migratory geese (Anser spp.). These results suggest that majority of the IAVs circulating among
migratory wild fowl in South Korea in 2014-2018 were of low pathogenicity.

Wild waterfowl (Anseriformes) and shorebirds (Charadriiformes) are the known reservoir of influenza A viruses
(IAVs) of the Orthomyxoviridae family'. Barring the two hemagglutinin (HA; H17 and H18) and two neu-
raminidase (NA; N10 and N11) subtypes recently discovered in bats, these birds carry all known IAV subtypes
(H1-H16 and N1-N9). Wild waterfowl and shorebirds can carry IAV genotypes across flyways, and, to a lesser
degree, across oceans®. Open farming allows the sharing of food and water resources between wild and domestic
waterfowl that may lead to the transmission of IAV's from wild to domestic birds®. Domestic waterfowl, especially
ducks, can then act as intermediate hosts for the transmission of IAV's to poultry, primarily chicken (Galliformes).

Certain H5 and H7 TAV strains can cause severe disease in chicken and domestic ducks and are thus called
highly pathogenic avian influenza viruses (HPAIVs)*. Poultry infected with HPAIVs exhibit severe clinical
signs, including paralysis and sudden death, with up to 100% mortality during outbreaks. Because HPAIV's can
rapidly spread within a farm and to adjacent farms, HPAIV outbreak control requires culling all birds in affected
farms, thereby causing huge economic losses’. The effects of HPAIVs to wild birds are traditionally considered
mild. However, reports of HPAIV-related deaths in wild birds have been growing in number, warranting the
reassessment of the effects of HPAIVs to wild birds, especially to protected species®’. HPAIV outbreaks among
poultry also expose poultry farm workers to the virus and can cause a range of mild to severe flu symptoms in
humans, with approximately 50% case fatality for the H5N1 HPAIV subtype®. Although HPAIVs have not yet
caused sustained chains of human-to-human transmission, they are regarded as potential pandemic threats.
Meanwhile, low pathogenic avian influenza viruses (LPAIVs) are also known to contribute genetic material
to pandemic influenza virus strains and are thus considered precursors of future pandemic influenza viruses®.
Genetic material from LPAIVs can also be used to design vaccines for poultry. Therefore, the surveillance of
circulating avian influenza viruses, including LPAIVs, is imperative to the understanding of IAV ecology, which
impacts both animal and human health.

South Korea has experienced HPAIV outbreaks that have been linked to circulating HPAIV's or precursors
carried by migratory wild birds'*-!2. In 2008, the government of South Korea implemented a national influenza
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virus surveillance program to identify IAVs in birds that have the potential to cause HPAIV outbreaks among
poultry and may be a threat to humans'®. Here, we report the isolation and phylogenetic analyses of avian influ-
enza viruses from fecal matter of wild birds collected in migratory bird stopover sites in South Korea in winters
throughout November 2014 to January 2018 as part of the nationwide surveillance program.

Results

Prevalence of avian influenza viruses in South Korea in the winters of 2014 to 2018. Samples
of fresh bird fecal matter were collected from different sites in South Korea (Fig. 1a) during winters within
November 2014 to January 2018. Each winter was defined as November to January of two consecutive years
(i.e., November 2014 to January 2015 was defined as the winter of 2014-2015). The sampling sites are known
stopover points of migratory birds, especially those coming from Far East Siberia during the annual winter
migration along the East Asian-Australasian Flyway (EAAF). As in our previous study that covered winters of
2009 to 2013, the stopover sites were selected for their proximity to previous sites of HPAI outbreaks. A total
of 6758 fecal samples were collected throughout the study (Fig. 1a, Table 1). Of these, 75 samples tested positive
for IAV through the standard chicken allantoic fluid isolation method and RT-PCR, indicating isolation from
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Figure 1. Isolation of influenza A viruses (IAVs) from fecal matter collected at five migratory bird stopover sites
in South Korea (winters of November 2014 to January 2018). (a) Fecal samples were collected at five migratory
bird stopover sites during the winter seasons from November 2014 to January 2018. The number of samples that
tested positive for IAV over the total number of samples collected per site are indicated. Numbers in parentheses
indicate percentage of IAV-positive samples per site. (b) Number of samples that tested positive for IAV per year
over the total number of samples collected per year are indicated. Numbers in parentheses indicate percentage of
IAV-positive samples per year. Distribution of positive samples per site per year are also shown (color-matched
with a).

2014 to 2015 2015 to 2016 2016 to 2017 2017 to 2018 Total % Positive
per site
over total

Positives per | positives

Site Samples | Positives (%)* | Samples | Positives (%)* | Samples | Positives (%)* | Samples | Positives (%)* | Samples | site (%) (75)
Cheonsuman 1330 36 (2.71%) 1500 3(0.20%) 445 11 (2.47%) 260 2(0.77%) 3535 52 (1.47%) 69.33
Eulsukdo 83 0(0) - - 132 7 (5.30%) - - 215 7 (3.26%) 9.33
Geum River - - 336 0(0) 112 1 (0.89%) - - 448 1 (0.22%) 1.33
E"“gh“? - - 336 3(0.89%) 1053 5 (0.47%) 723 7 (0.97%) 2112 15 (0.71%) 20.00

€servoir
Geocheonam | _ - - - 448 0 (0) - - 448 0 (0) 0.00
Reservoir
Total 1413 36 (2.55%) 2172 6 (0.28%) 2190 24 (1.1%) 983 9 (0.92%) 6758 75 (1.11%) 100.00

Table 1. Number of isolates of avian influenza viruses per year and per site in South Korea in winters within
November 2014 to January 2018. *Percent positivity per year are calculated based on the total number of
isolates that year.
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1.11% of the total number of samples for the entire duration of the study. Percent IAV-positivity of samples were
highly variable per site and per year (Fig. 1a,b, Table 1), with the winter of 2014-2015 having the highest per-
cent positivity (2.55%), although all the IAV-positive samples that season came from only one of two sampling
sites. The winter season with the lowest percent IAV-positivity was 2015-2016 (0.28%), despite a relatively large
number of collected samples. Not all sites yielded positive samples, as no IAV was isolated from wild bird fecal
matter collected at Gocheonam Reservoir in Jeonnam Province, in contrast with our 2009-2013 study where we
reported isolation of IAVs from this site.

HA and NA subtype prevalence and combinations. Not all HA and NA subtypes and combinations
thereof were represented over the duration of the study (Fig. 2a-c, Supplementary Table S1-S3). For the study
period, the most common HA subtypes were H1 (n=23; 30.67%), H6 (n=22;29.33%), and H5 (n=14; 18.67%)
(Fig. 2a, Supplementary Table S1). No virus of the H4, H9, or H10 subtype was identified. However, we were
unable to identify the HA subtypes of 3 samples (HX). Different years also had different dominant HA subtypes;
the H1 subtype was the most prevalent in 2014-2015, while the H6 subtype was the most prevalent in the suc-
ceeding years. The H5 subtype was also among the most prevalent subtypes in most years, except in 2015-2016,
when no H5-subtype IAV was isolated.

For the duration of the study, the most common NA subtypes were N1 (n=32;42.67%), N3 (n=17; 22.67%),
and N2 (n=12; 16.00%) (Fig. 2b, Supplementary Table S2). No virus belonging to the N6, N10, and N11 subtype
was isolated; however, the NA subtype of one sample could not be identified (NX). Isolates belonging to the N1
subtype were the most prevalent in the winters of 2014-2015, 2016-2017, and 2017-2018, whereas isolates of the
N2 subtype were the most prevalent during the winter of 2015-2016. The most common subtype combinations
were HIN1 (n=17; 22.67%), H6N1 (n=13; 17.33%), H5N3 (n=11; 14.67), and H6N2 (n=8; 10.67%) (Fig. 2c,
Supplementary Table S3). The prevalent subtype combinations varied per year, with HIN1 as the most prevalent
subtype in 2014-2015; H6N2 in 2015-2016; and H6N1 in 2016-2017 and 2017-2018.

HA and NA sequence identities. The HA and NA sequences for the isolates were assembled to generate
full and partial coding sequences. These sequences were deposited to GenBank (Supplementary Table S4) and
subjected to BLASTn searches in both NCBI and GISAID to identify reported HA and NA isolates that were
most similar to our isolates (Supplementary Table S5). As expected, our isolates matched with samples collected
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Figure 2. Subtypes of influenza A isolates collected in migratory bird stopover sites in South Korea during
winter from November 2014 to January 2018. (a) Hemagglutinin (HA), (b) neuraminidase (NA) subtypes, and
(c) combinations thereof of all influenza A virus isolates collected over the entire surveillance period. (d) Host
species carrying the influenza A virus isolates for winter 2016-2017 were determined through sequencing of the
COX1 gene amplified from DNA isolated from the fecal samples.
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from either South Korea or nearby locations (China, Japan, and Mongolia), all of which are part of the EAAE
The closest sequence matches were isolated within similar periods of time (2014-2021). None of the H5 and
H7 sequences matched with reported HPAIVs, suggesting that all isolated viruses in this study were LPAIVs.
A closer look at the H5 sequences showed the lack of the multibasic HA cleavage site characteristic of HPAIVs
(Supplementary Fig. S1a), further indicating that our H5 isolates were LPAI. However, all the H5 isolates carried
reported markers for potential mammalian transmission (Supplementary Table S6) as indicated by the “Identify
Sequence Features in Segments” tool in the Influenza Research Database. Specifically, majority of the H5 isolates
carried the N171, A172, and P251 variations, which were all reported to enhance HA binding to the human
a2,6-linked sialic acid'>'®, The algorithm did not report notable variations at the 226 amino acid position in the
H5 isolates. Meanwhile, the HA amino acid sequences of the two H7 isolates in this study as well as the closely
related A/crane/Kor/17 (H7N7) also lacked the multibasic cleavage site, further verifying that they were LPAIVs
(Supplementary Fig. S1b).

Host species identification for IAVs isolated in the winter of 2016-2017. To obtain a snapshot
of the host that carried some of our isolates, we extracted genomic DNA from the IAV-positive fecal samples
collected during the winter of 2016-2017 (n=24). The cytochrome C oxidase 1 (COI) gene was amplified from
genomic DNA extracted from the fecal matter of the winter 2016-2017 samples, and the sequences of these
amplicons were used for identifying the host species using the Barcode of Life Data (BOLD) system. All IAV iso-
lates were carried by members of the genus Anser (wild geese) of the family Anatidae in the order Anseriformes
(Fig. 2d, Supplementary Table S7). We were unable to identify the host at the species level for all the samples
owing to nearly identical COI sequences among members of the genus Anser. However, the top hits included A.
fabalis (bean goose), A. albifrons (greater white-fronted goose), A. anser (greylag goose), and A. cygnoides (swan
goose). Both A. fabalis and A. albifrons are among the most common annual visitors to South Korea during win-
ter and are the most probable avian hosts for the isolated IAVs!>. We were unable to sequence the COI genes of 7
out of 24 samples owing to the poor quality of DNA extracted from the fecal samples.

Phylogenetic analyses of predominant HA subtypes. Full and partial sequences of the three most
prevalent HA subtypes (H1, H5, H6) were compared with sequences pulled from GenBank and GISAID for
phylogenetic analyses (Fig. 3). Our H1 isolates clustered with H1 samples that have been isolated from various
locations along the EAAF including South Korea since 2004 (Fig. 3a). This indicates that the current H1 gene
pool in South Korea has long been circulating in South Korea and other regions along EAAF. However, a recently
reported sequence (2020) from Alaska also clustered with our isolates, indicating that the current EAAF H1
gene pool may have been recently carried over to a different continent by migratory birds either through long-
distance migration or through interactions with other migratory bird species from the Pacific flyway.

In contrast, the H5 and H6 gene pools appear to be more dynamic than that of H1. Our H5 isolates clustered
with H5 viruses that have long been circulating since at least 2002 all over Eurasia and Australia, covering all the
Eurasian, African, and Australian flyways (Fig. 3b). Meanwhile, our H6 isolates clustered into two major groups:
some isolates clustered with H6 samples from North America, while some isolates clustered with H6 samples
primarily from Eurasia (Fig. 3c). However, considering that the North American sequences that clustered with
our samples were obtained much later (2012 onwards; Fig. 3¢, Eurasian Group A) than the earlier Asian samples
in the same cluster (2004-2009; Fig. 3¢, Eurasian Group A), the North American gene pool in this group may
have arisen from the Eurasian gene pool.

Phylogenetic analyses of predominant NA subtypes. Full and partial sequences of the three most
prevalent NA subtypes (N1, N2, and N3) were compared with sequences pulled from GenBank and GISAID for
phylogenetic analyses (Fig. 4). The NA genes of our isolates clustered with isolates from the EAAF, and all belong
to the Eurasian lineage. Notably, some of our N1 isolates clustered with samples isolated from North America,
suggesting that some of the North American N1 gene in circulation have arisen from the Eurasian gene pool. N2
and N3 sequences of viruses isolated in North America also grouped with samples from Eurasia, indicating that
Eurasian genes are carried by migratory birds to North America.

Because N1 and N2 subtype influenza viruses are the most associated with human illness and have the
potential for reassortment with human influenza virus genes, we determined whether the N1 and N2 subtypes
in this study were susceptible to approved NA inhibitors using the “Antiviral Resistance Risk Assessment” tool
in the Influenza Research Database. All N1 isolates were found to be susceptible to oseltamivir, zanamivir, and
peramivir. Meanwhile, all N2 isolates were found to be susceptible to oseltamivir and zanamivir.

Discussion

Similar to our previous report on avian influenza surveillance from 2009 to 2013 in South Korea'?, percent
IAV-positivity of bird fecal samples and prevalent IAV subtypes varied per year and per site over the winters of
November 2014 to January 2018. All H5 and H7 IAVs isolated during the surveillance period were LPAIVs and
were highly similar to isolates obtained from different locations along the EAAF. As expected, most of the HA
and NA genes of the isolates clustered with those from isolates obtained from other countries along the EAAF,
including China, Japan, and Mongolia. Supporting recent reports that IAV's from wild birds do not always follow
rigid flyway boundaries and that there is intercontinental movement of IAV gene pools carried by wild fowl, some
of the HA and NA genes of our isolates also cluster with a number of North American isolates. In addition, as
shown by the present study and previous results on the surveillance of avian influenza viruses in South Korea'?,
percent IAV-positivity of samples tends to fluctuate across the years; however, we currently have no specific
explanation for this interannual variability.
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Figure 3. Phylogenetic analyses of the three most prevalent hemagglutinin subtypes collected in South Korea
during winter from November 2014 to January 2018. Assembled full and partial (a) H1, (b) H5, and (c) H6
sequences of isolates (blue, bold-italic) compared with full coding sequences available at GenBank and GISAID.
Isolates in bold red (b, H5 tree) indicate highly pathogenic avian influenza viruses (HPAI). Isolates collected
from the Americas are labeled in magenta. Circles at nodes indicate transfer support values from 60 to 100%;
the size of the circle is proportional to the bootstrap score. AB aquatic bird, Ck chicken, Dk duck, Gs goose, Md
mallard, Kor Korea.

Influenza host species identification using the COI gene amplified from genomic DNA extracted from bird
droppings collected during the winter of 2016-2017 indicates that majority of the isolates during the season were
carried by migratory geese (Anser spp.). Although we were unable to identify the host at the species level, we
speculate that the isolated IAVs came from either the taiga bean goose (A. fabalis) or the greater white-fronted
goose (A. albifrons), which are the most dominant goose species that winter in South Korea from breeding sites
in Far East Siberia'’. IAVs, including HPAIVs, have been previously isolated from these goose species in other
studies in South Korea'>'8!% migratory geese are therefore presumed to contribute to HPAIV outbreaks in the
country.

Similar to our surveillance study in previous years, IAVs of the H6 subtype were among the most frequently
isolated during successive winters in South Korea. This is corroborated by studies that suggest that H6-subtype
IAVs are the most frequently isolated subtypes from wild waterfowl especially in Asia?’. A study from China
reported that 11.07% of the isolates from wild birds in 2016-2017 were of the H6 subtype, making H6 the most
predominant subtype in that study®!. In our study, IAVs of the H6 subtype were likewise the most prevalent
over the winter of 2016-2017, which may indicate similar distributions of IAV subtypes along the EAAF that
year. Another study has reported that 49.44% (44/89) of isolates from wild birds in China along the EAAF over
2015-2019 were of the H6 subtype®. In our study, the H6-subtype IAVs were consistently isolated in all four
years, suggesting its persistence in migratory waterfowl populations that traverse the EAAF. Recent studies
from China suggest that HONX viruses from wild birds, including A/Anser fabalis/China/Anhui/L221/2014
(H6N1), which is 99% identical to one of our isolates (A/Kor/CN69/2014 [H6N2]), can infect mice and replicate
at high titers in mouse lungs without prior adaptation®*. While H6-subtype [AVs are considered LPAI and are
non-reportable, they may still cause damage to the poultry industry (~30% drop in egg production)®. Given
the potential ability of H6-subtype IAVs to infect mammals, their persistence in the wild, and their effects on
poultry, closer investigation of H6-subtype IAVs is warranted.

Meanwhile, in our study, viruses of the H1 subtype were predominant in the winter of 2014-2015, accounting
for 50% (18/36) of the isolates that season. This is in line with a previous report of an HINX outbreak among wild
fowl in Anhui, China* and from another study in bird wintering wetlands in Yangtze River, China®.

Despite H5 HPAI outbreaks in poultry in South Korea over the study period, we found no H5 HPAIV dur-
ing our surveillance. However, H5-subtype LPAIVs, especially HSN3 LPAIVs, were among the most prevalent
subtypes, particularly in the winters of 2014-2015 (27%) and 2016-2017 (12.5%). Another surveillance study

Scientific Reports|  (2023) 13:8410 | https://doi.org/10.1038/s41598-023-35365-4 nature portfolio



www.nature.com/scientificreports/

N2

[ MSweden/816/2014 HINL
{——— ClFrance/t

— Dklukmne/ANlQ/ZOlS i
L+ MIMosCow/4970/2013 HIN:

a N1
Tes scae 001 Jn—— 001
HINL e TR/SAfical1959 HSN3
. HENL OWECH/ 6412002 HONZ ’—l:'. CIIQLDI1994 HNG
MalSweden/57/2003 HINL Hanz
HINL CizhaoongTI20013 ika — MSuedeni1883/2003 KaNS
o TUSemany w2200 1 !—‘ “ABICheonan/408/2012 H cg T MaiNorway1 78112006 Hi2Na
[T Gememerlands/1/2007 e OF 2014 HoN2 < { = Manetheriands(as12006 HEN3
szamma/la/zoug HoN S - I
L [ romeamaszinea - [ caraipssazor 23 Mo 015002009 i
aKonJB082011 HeNL cZg ,mwm,,mz L]  Tolleeland’365572014 HiN
[+ ABICheonan/39212010 HON1 Kot I— Gs/Kor/CNlﬁl/zUls 5 = Dk/Moscow/4952/2013 HSN3
U‘Dklxmnghawmzulzmnmm 5 2 [ kRSO oo '
1 DiiMongoia/67512010 HINI @3 < KorCN97i2016 Honz = — R T
WI1/2018 HION1 29 - DWUkraineV2312/2010 HINZ L N
1" aBiKoricussrzon S Md/Georgia/13/2011 HON2 R——
1 aBiKoricN771201a Hx: |11 O L e cearganaos ez o DXKaIKNUSYG0612006 W3
ABIKor/CN74/2014 HxN1 ~ || L esukraineran02/2013 Hon —_ —+ DKIJiangxi/B860/2006 H:
——— DKIHOKKI119/2003 H7NL  MdTumji frwus/zma o cm g poonumaazon P
o o | O 5 S
o MclISweden/102260/2000 HIONL L Songaanatons ron2 =y edenis32003 KaNS
e WdNetheriands/as/2011 HTNL = e GlA o4 o [ £ Miwedensiaio00s HoNG
= ABIInGaNIV170952007 11 dia/12C1 2212015 HEN2 S5 ’—.c S/Karachif96912014 H14N3
——— DWIKor/372/2009 HIN1 — ’—. k/Eaugyadesqy/g]glg/zmﬁ Hanz 5 = Md/Portugal/99013/2009 H1IN3
3 ABr sz oy [ e oummiaezon o0 T Diageemaisotzola s
H12NL AE/Knr/JBZS/ZDJ& HS d di 6/33M312015 H7N3
- GEMongOIIZ162010 HINL [ AR oBRS HE2 o It WeKont 52935015 KB .
. cipalistani 1694512010 Hany p—t angiacea502020 oz I+ paoricnas/2014 mNs cZ
MAGAIIZ01 HINT GslKor39/3021 b ©
DKIMoscow/5743/2019 HINL DWBUIgaria/L 7472009 HON? U AonerRots HoNS. 5 o
[ MoRepGeorgisal2012 NI ———+ DKIGUANGXi/141/2005 HGNZ Mﬂg“w;’;:;;gg?;;g?ﬁ,lm ]
. ,—‘ 9yt g °
me

— N anguisz62004 o2
| CGuangiongnizo13 1

N3

[ OwGeorgaz012
o MORGOIRISI12015 HIONS
IS DWMongohamM/ZOlS H2N3.

U

|
{ L

elolandis7 7212016 HONL ABIKorW21612007 LT TVEGypUMBASTOPIZ016 HINvg
longolia/782/2017 H7NG

-+ DK/Saga/11117/2013 HENL

L.

2273073 o CWKU,WZJZSQE”‘“"”"” e & OHBangadeaA14332010 H7K3
 ABIKOM120/2014 HoNL c@ [ Asacazo  VdiaainelANO1/2020 HIN3
s AB/KOr/GN05/2013 HEN1 © ABIF Kur/chx/zm HSN2 g+ ABIJeonju/385/2009 H2N3

 ABIKorCN7S/2014 Hil 85 A WAK/1169512013 HNZ HOIGBIGTZ00r o3

- Duamyuns Lcibossezors v | D 5 | Dxsepmmsezoos vz f-+ DkKarBCio2007 T

- GSMongolaIN19212014 HoN s 3 B AL008 N | Kawa092007 s
0 ABKorCHg71201d HiNt 52 12 Diikor1A9312008 HEN2 [ g Dsasatitizo1s HioNs
y ABiKor oo " CUAKHESI2013 HiaNZ ¢ — DKIH0KK/327/2009
L ai /é’,uf;?u"z’m‘,v”i’ = e rearnbya0s “”T"""a”"’aiicﬁi?i‘ﬁ”iﬁ“
< agiort NBlorioNss/2015 Honz &
ABKOsu00112015 HINL | 200 okionrarz018 Have S ounionguanzon vons
DKIHOKK/201/2014 HINL LI, OlHoKkK/166/2014 HSN2 Hokkaido/W280/2014 HSN3
AsikorChgizoia v | A iz e D Lo WINIGAAASIOTA0RS HON3
faaerciszos 733020 HiaNZ ABKarENGUZ013 i
yAE/Kor/chs/zau i L,—. Dwmmam/o\szmon HoNZ /Kor/CN65/2014 HIINS.
1 Rikoricnearz014 ran ABKOGNOAIZ013 - [~ ABiaricns02034 s
{ ABIKor/CN64/2014 HIN1 LL nvil e\nam/Hunazmzma HEN2 [=47) \B/Kor/CNB8/2014 HIIN3
 Asiorcnsarzots s {3 ABIKorCNG/2034 HIN s [+ AgioricNGzrz01s HaNa
AB/Kor/CN70/2014 HIN1 ca ﬂ_l_.Aa/xuuszas:zms H6NZ w2 |+ DKIKor/H1862/2014 HSN3
Or/CN96/2016 HINT SO | [Sasioriczerzosa nanz [ [+ GS/Taiwan/0103612015 HENG @
':Dk/myazam/nsuzw/zmﬁ iy S3 - DK 0412014 KON 3 [ CioTawanioti7472015 o s
T encnasiors v % 2 Fabiancnysizots i 58 [ Strmmanyisoiowosois s |8 5
T e CriKor/1176/2016 H. © 1=+ ABikoncnsazozs wenz oo DKIPinglung/80/2015 HSN3. ® 5
DHMORGeIRIS302015 HANT 2o R octcabatoich tane 2 ManaLT4/2015 HoN3 s 3
| ceorientosrzots Hon ARG [ aBiKoricnesiz01a Honz ABIKor/CN82/2014 HIN3 58
DldVietnam/HN4797/2018 H3N1 wo e MdIKOUM219/2014 HON2 rICN71/2014 HSN3 KEc)
L MdlKor/H2761/2018 H1ONL | ABIKorl3B137201  ABIKorCN72/2014 HEN3 )
| ABIKoricN10812017 HINI [ Comumzoizts e | 1 aBiorichsoiz014 Hsivz
[ (< aemaricnzosizozz wana { -+ PUTaiwan/We247772017 HeN2 [+ ABIKor/CN9212014 HSN3
SAaiKoris621/2018 Hana e Reamanara024/2010 Hizne  DiTotoni191/2015 HSNG
| rmnyaiamossots vans T WRIShandong/ 7062019 HONZ ARS8 v
| DldkorikNUZ01826/2020 Han + DangHI3376312013 HIONS
{-+ DKIKOrKNU202056/2020 HINL (¥ Dkiangxi33663/2013 HioN3
e NKaKNU2021972021 i (DNl N
" ABIKorsw004/2016 HAN: angiadest
» GiHubeicheniu. vmas(ztusmm %;_.Dzsannggmgzm;:
S WeiKonsK14Tz014 Ko f
B oAueia3/2016 Ho: OlMongol934/2018 H
— n/vmona/smmraon Hony [ recrmecraot s —~
£, ouvitor2212017 HoNL + GKonIB1912016 HONZ =13
- PUAKIUGAISO90412015 oL | & arBirzots Hovs s7
. OKKagoshimalKUGZ6/2016 HINL { OuorAsar3z010 HoNa 5 2
1Bk Ae50r2016 Hon . GsiKorigBs/z017 Hos @
[ roncosserizors uona |1+ Puavantis2a7512017 i £2
K2041972020 H1NL . Oliangsu261/2018 HoN3
. Ciizhefang/iesizo1t Howt [ Divemambsorsizots s | LI S}
Gerarew/Hsom/zm? Hont ca MAIKorKNU201925/2019 HTNG
Gs/Kmea/Ngsz/zm? o ey
orB2412018 Hont o 5
As/mruazmma e s 3
‘ABIKorlUB72/2018 HON1 58
WU L RS
mems/zmmm e
[ Gsikonichaoaiz016
LS Rorihtasi20is Hota
s DRKorKNUZ01811312018 HNI
[ + Gs/Kor/CN104/2016 HGN1
L+ Gs/Kor/CN100/2016 H6N1
[y Goioricnaoeizoze Hena

+ Gs/Kor/CN99/2016 HEN1

Figure 4. Phylogenetic analyses of the three most prevalent neuraminidase subtypes collected in South Korea
during winter from November 2014 to January 2018. Assembled full and partial (a) N1, (b) N2, and (c) N3
sequences of isolates (blue, bold-italic) compared with full coding sequences available at GenBank and GISAID.
Isolates collected from the Americas are labeled in magenta. Circles at nodes indicate transfer support values
from 60 to 100%; the size of the circle is proportional to the bootstrap score. AB aquatic bird, Ck chicken, Dk
duck, Gs goose, Md mallard, Kor Korea.

in South Korea also reported the prevalence of H5 LPAIVs from wild bird habitats in 2015 (13.1%) and 2017
(14.4%), coinciding with our results®. In contrast to our findings, this previous study reported the isolation
of H5-subtype LPAIVs in 2017 in the Jeonnam Province of South Korea, while we obtained no isolate from
Gocheonam Reservoir in Jeonnam Province. However, the Jeonnam isolates of this study were obtained in
December 2017, while we performed sampling in the same region in November 2016. The differences in isola-
tion rates of H5 and other AIV isolates in this province may be due to sampling bias, as we only sampled a very
small portion of a large migratory bird stopover site, and only performed sampling on a single day in a single
winter season. Obtaining more avian fecal samples later in the season and on other years may have yielded dif-
ferent results.

All our H5 isolates carried markers of increased transmission to mammals. These markers include the
N171and T172 variations which, when present together, have been reported to increase binding of the A/Viet
Nam/1203/2004 (H5N1) HA to the human a2,6-linked sialic acid without loss of binding to the avian a.2,3-linked
sialic acid'®. Another variation found in most of our isolates was P251, which has been reported to slightly
increase the binding of the A/duck/Egypt/D1Br12/2007 (H5N1) HA binding to a2,6-linked sialic acid'®. The
1226 variation was not present in any of our H5 isolates. These findings suggest that H5 genotypes circulating
in wild birds passing through South Korea and adjacent countries continue to gain potential to infect mammals.
The persistence of these H5 sequences in the wild increases their chances of reassortment with other IAV genes
that may lead to eventual crossing to the mammalian species barrier and perhaps to sustained transmission
among mammals including humans. Considering that H5 LPAIV's have been reported as precursors of HPAIVs,
continued monitoring of H5 LPAIVs is needed to guide mitigation and control measures for H5 IAV infections
in both wild and domestic fowl.

Only 2 fecal samples (2.6% of total) yielded H7-subtype isolates, both of which were H7N7 LPAIVs. Interest-
ingly, both the HA and NA genes of the isolates were highly identical to those of an H7N7 isolate from a red-
crowned crane (A/red-crowned crane/Korea/H1026/2017) in a zoo in South Korea isolated in March 2017%. Our
H7N7 samples were collected in January 2017, placing this particular H7N7 gene pool in South Korea earlier
than closely related H7N7 isolates collected from migratory mallards in February to March of 2017. Notably,
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H7 isolation was more frequent in the other study (43.6% of all isolates in early 2017) than in ours (8.3%), pos-
sibly owing to differences in sample timing, host species, and sampling method?®. Regardless, transmission of
H7 IAVs from migratory fowl to other bird species was highlighted by the isolation of the H7N7 isolate in the
captive crane, which further emphasizes the likelihood of transmission of H7 IAVs from migratory wild birds
to domestic birds.

As in previous years of our study, the IAV isolation rate was variable per year. This may be a result of changes
in seasonal temperatures across different years. Migration of fowl, including bean geese and white-fronted
geese, is highly affected by temperatures. The timing of bird migration to wintering sites may change based on
temperatures in both the breeding and wintering sites?. This would then affect the composition of migratory
fowl populations at stopover sites and, in turn, affect observed IAV prevalence. Environmental temperatures also
affect the persistence of IAVs in aquatic environments and may affect the maintenance of IAVs in wild birds®;
changes in temperatures across the years would then alter the prevalence of IAV infection in wild birds. Thus, the
timing of TAV surveillance studies such as this should take into account potential variabilities in environmental
temperatures and timing of bird migration to be able to obtain a more comprehensive view of IAV prevalence
in breeding, stopover, or wintering sites.

One limitation of our study is that, at the time of writing, the sequences we report are already at least five
years old. Several studies have already reported more recent data (2019 to 2022) on circulating avian influenza
viruses among wildfowl that visit South Korea, although most have focused on H5-, H7-, and H9-subtype
influenza viruses'*?!-**. Given the continued threat of AIVs to both animal and human health, large amounts
of genetic data are important to allow us to track the movement of avian influenza virus gene pools across time
and geographic locations. Ensuring that sequences of influenza viruses over large periods of time are reported
will fill in potential gaps of information in tracing back the evolution of future avian-origin influenza virus
pandemics. This has been highlighted by the recent coronavirus disease (COVID-19) pandemic, where, owing
to very few surveillance studies in the past and very little existing genetic information on severe acute respira-
tory syndrome (SARS)-related viruses prior to the pandemic, scientists have difficulty in fully understanding
the emergence of SARS coronavirus 2 (SARS-CoV-2). Global public health will undoubtedly benefit from all
available genetic information on AIVs especially within the past couple of decades, as these would be the first
resources to investigate should an avian-origin pandemic arise. It would also allow us to further understand the
dynamics of the continued spread and circulation of avian influenza viruses in the wild in the hope of preparing
for large outbreaks in both wild and domestic birds.

Additionally, most AIV surveillance studies in South Korea focus on H5-, H7-, and H9-subtype influenza
viruses. While these subtypes pose the highest and most immediate risk to veterinary and human health, other
subtypes of AIVs may contribute genetic material to future threats, and, in rare cases, cause disease and death in
humans*. Thus, we believe that long-term surveillance studies on IAVs that include LPAIVs and HPAIVs and the
reportable and non-reportable subtypes can provide the scientific community a wealth of genetic information
that can be utilized when the need arises.

All in all, in this study, we were able to collect a total of 6758 bird fecal samples from five migratory bird
stopover sites in South Korea during the winters of 2014 to 2018 (November 2014 to January 2018). Of these, 75
(1.11%) tested positive for IAVs based on egg isolation and RT-PCR. The most common HA subtypes were H1,
H6, and H5, and the most common NA subtypes were N1, N3, and N2. Based on sequence analysis, all isolates,
including the H5- and H7-subtypes, were LPAIVs and were most similar to isolates collected along the EAAF. As
in previous years, isolation rates and predominant subtypes varied per site and per year. Although we were unable
to isolate HPAIV's from the bird fecal samples despite HPAIV's outbreaks in South Korea during the study period,
this surveillance study provides insight into the dynamics of IAV's carried by migratory birds into South Korea.

Methods

Sample collection and virus isolation. Through the winter seasons of 2014 to 2018 (November 2014 to
January 2018), a total of 6758 fecal samples were collected from stopover sites of wild migratory birds in South
Korea. Fecal samples were stored in transport medium consisting of phosphate buffered saline (PBS) and glyc-
erol (50%) with antibiotics (1000 U/ml penicillin G and polymyxin B, 500 U/ml nystatin, 250 pig/ml gentamicin,
60 ug/ml ofloxacin, and 200 pg/ml sulfamethoxazole) (Sigma-Aldrich, St. Louis, MO). The collected samples
were stored at —80 °C until analysis or egg passage.

The samples were suspended in antibiotic-supplemented PBS and inoculated into the allantoic cavity of
10-day-old embryonated chicken eggs*. The allantoic fluid was collected; turbid fluid was assumed to be con-
taminated with bacteria or fungi and was discarded. All viral isolates were collected from the first egg passage.
Viral presence was identified through the hemagglutination assay using 0.5% chicken red blood cells.

RT-PCR and sequence analysis. Viral gene amplification using samples that tested positive in the hemag-
glutination assay was performed as previously described®. Using the RNeasy Mini Kit (Qiagen, Valencia, CA),
viral RNA was extracted from the hemagglutination-positive allantoic fluid. For HA and NA gene subtyping,
one-step RT-PCR was carried out using the One Step RT-PCR Kit (Qiagen) with HA- or NA-specific universal
primer sets designed and described in a previous study*®. The RT-PCR reactions were set up according to manu-
facturer instructions. Each 50-pl reaction contained 1.5 ul of each primer (20 pmol/pl) and 2 ul of viral RNA
(1 pg-2 ug). Reverse transcription was performed at 50 °C for 30 min, and standard PCR was performed with
an initial denaturation at 94 °C for 10 min; followed by 35 cycles of 94 °C for 30 s, 56 °C for 30 s, and 72 °C for
2 min; and a final extension at 72 °C for 10 min. After purification with the QIAquick Gel Extraction Kit (Qia-
gen), the amplified gene segments were commercially sequenced at Cosmogenetech Co. (Seoul, South Korea).
Sequencing was based on the Sanger sequencing technology using the high-throughput DNA Analyzer (Applied
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Biosystems 3730x] DNA Analyzer, Thermo-Fisher Scientific, Waltham, MA). Full-length coding sequences (HA:
1710 bp; NA: 1410 bp) were assembled using the Lasergene sequence analysis software package (DNASTAR,
Madison, WI). A BLASTn query was performed in NCBI to identify the HA and NA subtypes of the isolates
based on the obtained sequences and to identify isolates reported in GenBank that had the highest HA and NA
coding sequence similarities to our isolates. The search results were supplemented with a BLAST analysis in
GISAID especially for sequences that had hits with <99% sequence identity on GenBank. Full and partial HA
and NA sequences of the isolates were deposited to GenBank, and accession numbers are listed in Supplemen-
tary Table S1.

Host identification using the COl/ gene. Genomic DNA was extracted from wild bird fecal droppings
collected in winter 2016-2017 using the QIAamp DNA Stool Mini Kit (Qiagen) according to the manufacturer’s
protocol. The COI gene was isolated thru PCR amplification using bird-specific COI primers: forward primer:
5" TTCTCCAACCACAAAGACATTGGCAC-3', and reverse primer: 5-ACGTGGGAGATAATTCCAAAT
CCTG-3"7, followed by purification using a QIAquick Gel Extraction kit (Qiagen). The amplified COI genes
were commercially sequenced (Cosmogenetech), and the full sequences of the COI genes were assembled using
the Lasergene analysis software. The host species were determined using the web version of BOLD SYSTEMS
Identification Engine (https://www.boldsystems.org/index.php/IDS_OpenldEngine), which is widely used for
species-level identification®®. The “All Barcode Records on BOLD” was selected as the search database, and the
hits were determined based on % similarity with the assembled COI genes of the samples.

Sequence alignment to determine sequence motifs. The H5 and H7 nucleotide sequences of the
isolates were translated into amino acid sequences using the EMBOSS Transeq translation tool (https://www.
ebi.ac.uk/Tools/st/emboss_transeq/). The amino acid sequences were aligned with sequences of reported HPAI
H5 and H7 isolates using UGENE to determine whether the HA of the isolates had monobasic or multibasic
cleavage sites.

Phylogenetic analyses of HA and NA coding sequences. The assembled full and partial coding
sequences of H1, H5, H6, N1, N2, and N3 isolates were aligned using CLUSTAL V*. Maximum likelihood
phylogenetic trees were prepared through the web version of PhyML (1,000 transfer bootstrap replicates; http://
www.atgc-montpellier.fr/phyml/)*. The trees were rooted using the NJ Plot software!' and visualized using
Interactive Tree of Live (iTOL; https://itol.embl.de/)*.

Identification of HA and NA sequence features. To assess whether the H5 sequences carried mark-
ers for mammalian infection, we submitted the nucleotide coding sequences of the H5 isolates to the “Iden-
tify Sequence Features in Segments” analysis tool in the Influenza Research Database (https://legacy.fludb.org).
Amino acid features with hits are listed for the H5 isolates.

To determine whether our N1 and N2 isolates are susceptible to approved influenza NA inhibitors, we first
obtained the amino acid sequences of the N1 and N2 isolates using the EMBOSS Transeq translation tool. The
amino acid sequences were then submitted to the “Antiviral Resistance Risk Assessment” analysis tool of the
Influenza Research Database.

Data availability

All data generated during the current study are included in the manuscript.
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